. Inactivation of mPFC subareas induced drastic changes in performance, namely an increase (prelimbic cortex, PL) or decrease (infralimbic cortex, IL) of premature responses. Additionally, electrophysiology revealed a significant decrease in neuronal activity of a PL subpopulation prior to premature responses. In contrast, inhibition of OFC subareas (mainly the ventral OFC, i.e., VO) significantly impaired the ability to respond rapidly after external cues. Consistent with these findings, mPFC activity during response preparation predicted trial outcomes and reaction times significantly better than OFC activity. These data support the concept of opposing roles of IL and PL in directing proactive behavior and argue for an involvement of OFC in predominantly reactive movement control. By attributing defined roles to rodent PFC sections, this study contributes to a deeper understanding of the functional heterogeneity of this brain area and thus may guide medically relevant studies of PFC-associated impulse control disorders in this animal model for neural disorders [10] [11] [12] .
Planning and execution of precisely timed actions is based on a well-orchestrated balance between movement initiation and inhibition. By combining optogenetic and electrophysiological techniques in trained rats, Hardung et al. show that prefrontal subsections play distinct roles in proactive and reactive motor control.
SUMMARY
The ability to plan and execute appropriately timed responses to external stimuli is based on a well-orchestrated balance between movement initiation and inhibition. In impulse control disorders involving the prefrontal cortex (PFC) [1] , this balance is disturbed, emphasizing the critical role that PFC plays in appropriately timing actions [2] [3] [4] . Here, we employed optogenetic and electrophysiological techniques to systematically analyze the functional role of five key subareas of the rat medial PFC (mPFC) and orbitofrontal cortex (OFC) in action control [5] [6] [7] [8] [9] . Inactivation of mPFC subareas induced drastic changes in performance, namely an increase (prelimbic cortex, PL) or decrease (infralimbic cortex, IL) of premature responses. Additionally, electrophysiology revealed a significant decrease in neuronal activity of a PL subpopulation prior to premature responses. In contrast, inhibition of OFC subareas (mainly the ventral OFC, i.e., VO) significantly impaired the ability to respond rapidly after external cues. Consistent with these findings, mPFC activity during response preparation predicted trial outcomes and reaction times significantly better than OFC activity. These data support the concept of opposing roles of IL and PL in directing proactive behavior and argue for an involvement of OFC in predominantly reactive movement control. By attributing defined roles to rodent PFC sections, this study contributes to a deeper understanding of the functional heterogeneity of this brain area and thus may guide medically relevant studies of PFC-associated impulse control disorders in this animal model for neural disorders [10] [11] [12] .
RESULTS
The ability to conduct movements in response to internal states or external cues crucially depends on the ability to inhibit inappropriate movements. This becomes particularly evident in neurological disorders, such as fronto-temporal dementia [1] , and attention deficit hyperactivity disorders [4, 13] , in which response inhibition is disturbed. The importance of prefrontal movement control is further supported by studies revealing the impact of prefrontal cortex (PFC) on motor cortex [14] . In order to capture movement inhibition conceptually, we employed a framework that has been used to describe two distinct stopping mechanisms: reactive and proactive stopping [2] . Whereas reactive stopping refers to situations in which subjects are required to stop in response to an external signal, proactive stopping develops according to the internal goals of the subjects. Elegant lesion [15, 16] and pharmacological studies [17, 18] assigned important roles to the rodent PFC in executing behavioral preparation as well as inhibition and further suggested distinct contributions of PFC subregions. Optogenetics allows rapid, reversible within-trial and within-subject inactivation of distinct brain areas without affecting circuit connectivity. These characteristics, together with minimized compensatory changes within the modulated neural circuits, enable the functional investigation of tightly interwoven brain areas in awake behaving animals. We capitalized here on these features of optogenetics for a detailed analysis of the role of PFC subregions in action inhibition and execution.
Rats Engage in a Response-Preparation Task
We employed a response-preparation task that covered both reactive and proactive behavioral elements ( Figures 1A and  1B ). Rats were trained to press a lever until a tone occurred, after which they learned to release the lever within 0.5 s to receive liquid reward. The delay between lever press and tone was pseudo-randomized between either 0.3 or 1.0 s. Whereas we hypothesized that responses following short delay periods (0.3 s) mainly rely on reactive behavior, longer delay periods (1.0 s) should increase animals' urge to release the lever, thus involving the process of proactive motor preparation and response inhibition [19] [20] [21] . The majority of rats (24/26) reached a performance level of R55% ( Figure 1C ). Two error types occurred: (1) premature releases, i.e., animals released the lever before the tone (reflected by the leftward tail in Figure 1B) , and (2) late releases, i.e., the reaction time (RT) exceeded 0.5 s (manifested as a rightward tail in Figure 1B ). Trials with a RT < 150 ms were considered as premature releases due to known delays in auditory processing [15] . The distribution of pressto-release durations revealed one sharp peak for each tone delay with a maximum shortly after tone onset, indicating that animals paid attention to the tone. To further ensure that the animals used the tone as a cue to release the lever (instead of simply timing their responses), we introduced control sessions in which no tone was played. In the absence of a tone, performance dropped drastically to less than 20% for both longand short-delay trials (p < 0.001; unpaired t test; Figure 1C ). This reduced performance might be attributed in part to increasing levels of frustration. Finally, consistent with previous studies [15-17, 19, 20] , RTs were significantly longer in shortversus long-delay trials (0.59 s versus 0.40 s; p < 0.001; unpaired t test; Figure 1D ).
Inhibition of mPFC Subareas Orthogonally Influences the Ability to Wait for a Stimulus
We next tested the impact of reversible optical inhibition of five PFC subregions on task performance: prelimbic (PL) and infralimbic (IL) cortex within medial PFC (mPFC) as well as the medial (MO), ventral (VO), and lateral (LO) part of the orbitofrontal cortex (OFC) (Figure 2A ; see also Figure S1 and Tables S1A (D) The mean RT was significantly longer after short tone delays than after long tone delays. ***p < 0.001; n.s., not significant; error bars, SEM. and S1B). While the rats (n = 9) performed the task, we bilaterally inhibited one of the cortical areas during the delay period in 10% of the trials ( Figure 2B ). Optical inhibition of IL and PL induced opposing effects in the proactive phase of the task: inhibition of PL neurons during long-delay trials resulted in a significant increase of premature responses compared to trials without inhibition (8.6% ± 2.1%; p < 0.001; paired-sample t test; Figures 2C and S1I-S1K). In contrast, optical inhibition of IL neurons strongly decreased the number of premature responses in long-delay trials (À11.4% ± 2.7%; p < 0.001; paired-sample t test; Figures 2C and S1F-S1H).
Inactivation of OFC Subareas Slows Reactive Responses
Optical inhibition of OFC subareas significantly increased the percentage of late responses mainly in short-delay trials (MO: 7.0% ± 2.1%; VO: 12.8% ± 3.8%; LO: 5.8% ± 2.7%; p < 0.01; paired-sample t test; Figures 2C and S1F-S1N ). In line with previous findings [16] , we found the strongest effect on reactive behavior in VO, which was reflected by significantly larger RTs in short-delay trials after optical inhibition (665.8 ± 29.4 ms versus 979.0 ± 91.5 ms; p < 0.01; n-way ANOVA). Further, trials in which MO was inhibited showed significantly larger RTs in short-as well long-delay trials (short-delay trials: 509.6 ± 7.0 ms versus 564.5 ± 19.5 ms; long-delay trials: 378.5 ± 5.5 ms versus 440.6 ± 15.7 ms; p < 0.01; Figure 2D ). Inhibition of other PFC subareas did not cause any RT effects. For the areas showing most significant behavioral changes upon optical inhibition (PL, IL, and VO), we conducted yellow fluorescent protein (YFP)-control experiments (n = 10) with a virus carrying only the fluorescent protein but no opsin. Optical stimulation with yellow light did not result in any significant behavioral changes in these animals (paired-sample t test; Figure 2C ). We further confirmed that the impact of optogenetic inhibition was restricted to $1.6 mm from the optic fiber tip, thus allowing an area-specific optogenetic inhibition ( Figure S2 ). Together, these results point to a stronger involvement of mPFC subareas in the proactive phase of the task, whereas MO and VO seem to contribute crucially to reactive behavior ( Figure 2E ).
Neuronal Activity in mPFC and OFC Is Task Modulated
To further characterize neuronal responses in PFC, we trained 15 additional rats and performed electrophysiological recordings in PL (390 neurons), IL (458 neurons), and VO (392 neurons), as these were the most impactful subregions in the optogenetic part of this study ( Figure 3A ; Tables S2A and S2B). Units were excluded from the analysis if they showed firing rates smaller than 1 Hz or if they were recorded for less than five trials with correct behavioral performance. Of the remaining units (n = 1,031), 32% (116/368) in PL, 29% (109/381) in IL, and 26% (74/282) in VO were significantly modulated during at least one of the different task phases, i.e., lever press, delay, tone onset, lever release, and reward (p < 0.05; sliding-window paired-sample t test; bin size: 100 ms; Figures 3B and 3C) . No systematic preference per area for one particular trial phase was apparent (p > 0.05; n-way ANOVA). Further, functional grouping via principal-component analysis (PCA) revealed neuronal differences between the three brain areas in their modulation during the delay period ( Figure S3 ). The dynamics of the principal components indicated that VO was preparing for a task cue signal after a short delay whereas PL and IL populations were more involved in long-delay trials with PL having a more consistent and IL a more complex activity pattern (see the Supplemental Experimental Procedures and Figure S3 for details).
Neuronal Activity Specifically Encodes Trial Outcomes and Reaction Times
Presuming that neuronal activity during the delay period enables subjects to await a stimulus, we compared the neuronal activity in error and correct trials during this trial period. We focused on the two main error types: early releases in long-delay trials and late releases in short-delay trials. For long-delay trials, we further divided the delay period into an early-delay (100-600 ms after press) and a late-delay (600-100 ms before release) phase. In these two time windows, specialized PL subpopulations, defined by differentially modulated activity during the task, significantly decreased their activity in early trials as compared to correct trials ( Figures 4A, 4C , 4E, and 4F; delay-modulated units: À17.9% ± 7.4%; task-modulated units: À30.1% ± 11.8%; p < 0.05). In contrast, IL and VO units significantly increased their activity with the strongest effect in IL ( Figures 4B and 4D-4F ; early-delay phase: IL: 38.9% ± 11.4%; late-delay phase: IL: 106.8% ± 32.2%, VO: 52.5% ± 26.3%; p < 0.05). For the second common error type (short-delay trials with late releases), we analyzed the phase from lever press to tone onset. PL and VO significantly increased their neuronal activity, whereas IL did not show a significant change ( Figure 4E ; p < 0.05). For VO, this finding was surprising, given that optogenetic inhibition of VO led to more late releases in short trials. A straightforward Table S1. match would have been a reduced firing rate in VO before these late releases. We hypothesized that only a subpopulation might respond in line with the optogenetic findings. To test this hypothesis, we quantified how many cells increased or decreased their neuronal activities before the two error types (summarized in Table S3 ). In IL and VO, a slightly higher percentage of delaymodulated units showed decreased activity in late-release trials, whereas PL contained a larger number of units with increased activity during late-release trials. This finding is consistent with the optogenetic results. Overall, this argues for specialized subpopulations in all three brain areas with a particular impact on behavior as revealed by optogenetic inhibition and electrophysiological characterization.
With a statistical classifier, we further analyzed whether the recorded neuronal activity could predict the trial outcome of the task, a prerequisite for a proactive component. Overall, the percentage of cells reliably predicting trial outcomes (area under the curve [AUC] > 0.5) was higher in delay-modulated units than in all recorded units (Table S4 ). This argues that the firing rate (which was used to select delay-modulated units) plays an important role in the prediction. However, the overall pattern described below was consistent, regardless of which population or which delay phase was used for the classification. The average AUC values were significantly higher in PL and IL as compared with VO (p < 0.001; n-way ANOVA). Furthermore, PL and VO both predicted early releases significantly better than correct trials, whereas IL showed the opposite pattern (Figures 4G-4J ; Table  S4 ). To analyze the impact of delay-dependent activity on reactive motor behavior, we further applied statistical classification methods to predict RTs in short-delay trials. All three areas were able to predict RTs to some degree (see Table S4 , third table, last column). In summary, the classification analysis suggests an involvement of all three PFC areas during the earlyand late-delay period. However, whereas PL activity seems to encode the upcoming response more simply, the neuronal responses in IL and VO are more complex, with VO showing the weakest predictive power and the strongest involvement in short-delay trials with a pronounced reactive component as revealed by PCA.
DISCUSSION
Numerous studies have suggested that the rodent PFC plays important roles in motor execution and inhibition [15, 16, 22] . The persistent activity displayed by PFC neurons during delay periods indicates a key function of mPFC subareas in sustaining and representing task goal information, rather than cancelling action reactively after a given stop signal [2, 14, [23] [24] [25] [26] . In contrast, the increased reaction times after lesions of the rat VO and LO indicate that these subareas are critical for reactive behavior [2, 3, 16, 24, 27] . To define and compare the causal roles of distinct PFC subareas in response inhibition and preparation, investigations have to be conducted in a single study with identical measures, thus avoiding differences between methods and task design. To our knowledge, such a study is currently missing. Here, we tried to fill this gap by including all five relevant PFC sections (PL, IL, MO, VO, and LO) in one experimental setting. By doing so, we provide evidence for a novel functional organization of rodent PFC for motor control. Our results argue for involvement of PL and IL in the proactive as well as the reactive component, with a reactive component that seems to be less pronounced than in VO, which seems to be mainly involved in motor preparation and execution and less in motor inhibition in our specific task (see Figure S4 for a summary of the results).
It has previously been inferred that the rodent PFC is topologically divided along the dorsal-ventral axis in different sensorymotor-dependent tasks [23, 28] . Subregions in mPFC receive more contextual and output adaptive information [7, 23] , which might be an indicator for their strong relevance during proactive task phases. In contrast, more lateral areas, especially VO and Table S2. VLO, receive more sensory information [23] . This is consistent with our finding that silencing of VO mainly affects reaction times rather than behavior during the waiting period. Supported by the existence of connections between VO and premotor areas [29] , this argues not only for sensory integration in VO [23] but also for an involvement of VO in motor preparation. Taken together, our data support a functional gradient [23, 28] and map it to a response preparation task with inhibitory components: the more dorsal, the more proactive, the more ventral, the more reactive the behavior is impacted ( Figure 2E) . The increase in premature responses after inhibition as well as the reduced firing rates during the delay in premature trials suggest a crucial role of PL in keeping the motor system on hold [14, 15, 17, 23, 25] . In contrast, the dramatic reduction in reaction times upon optical inhibition of VO suggests that the more ventral OFC gives the go signal for initiating motor responses. The significant increase in delayed responses as well as the decreased ability to wait for an external signal following optogenetic IL and MO inhibition suggest a contribution to both proactive and reactive components. This indicates that IL and MO may bridge the lateral and medial PFC networks during response-preparation performance. We speculate that IL and MO prepare the system for (E) Activity changes during the early-delay phase of long-delay trials before early releases (top) and before late releases in short-delay trials (bottom). (F) Activity changes during the late-delay phase before early releases in long-delay trials. (G and H) PL and IL neurons predicted the trial outcome (correct or early lever releases) significantly better than VO units during both early-delay (G) and late-delay (H) phases. (I and J) During the early-delay (I) and late-delay (J) phases, PL and VO units predicted premature trials significantly better than correct trials, whereas IL prediction was significantly more accurate in correct trials compared to early trials (p < 0.001; unpaired t test). ***p < 0.001, **p < 0.01, *p < 0.05; error bars and shaded areas, SEM. See also Figures S3 and S4 and Tables S2-S4. upcoming cues by processing task rule information and handing it over to the respective proactive (PL) or reactive (VO and LO) areas. Overall, the functional gradient emphasizes the functional heterogeneity within the PFC and-given the strong anatomical connections between PFC subareas [8, 30, 31] -underscores the notion that orchestrated interactions within the PFC enable the balance of motor inhibition and motor preparation.
Finally, we would like to point out that the combination of optogenetic inhibition and electrophysiological characterization applied in our study illustrates the unique power of both techniques: whereas optogenetic inhibition was extremely impactful in revealing specific behavioral effects, the electrophysiological data painted a more complex picture of the neuronal activity in the respective cortical areas. Only fractions of cells had firing patterns that matched the interpretation of the optogenetic inhibition. Thus, understanding the complexity of neural circuits requires careful evaluation of detailed functional recordings along with optogenetic manipulation of defined circuit elements.
EXPERIMENTAL PROCEDURES
The procedures and protocols of this study were approved by the Regierungspr€ asidium Darmstadt and Freiburg, Germany. Complete procedures can be found in the Supplemental Experimental Procedures. 
